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ABSTRACT

Background: Numerous studies support the association of exercise training, physical activity (PA) and sedentary behaviour (SB)
with both mortality and morbidity outcomes. The results across studies have been inconsistent, and no umbrella reviews have
yet been conducted on this topic.
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Methods: We conducted an umbrella review of meta-analyses of observational studies by screening articles in PubMed/
MEDLINE, EMBASE and Web of Science databases from inception to 30 April 2024. Quality appraisal of each included meta-
analysis was done using the AMSTAR 2 tool, with evidence certainty evaluated based on statistical significance, study size,
heterogeneity, small-study effects, prediction intervals (PI) and potential biases.

Results: Frothy-eight meta-analyses were included (AMSTAR 2 ratings: high 25, moderate 10, low 2 and critically low 11). No evidence
was highly suggestive or convincing. Suggestive evidence linked any PA and SB to lower and higher risks of all-cause, cardiovascular
and cancer mortality. Suggestive evidence indicated a significant association between self-reported and device-measured total PA
(equivalent odds ratio [eOR] 0.78 [0.70-0.86] and eHR = 0.50 [0.38-0.65], respectively), self-reported leisure time PA (eHR=0.73 [0.66—
0.80]), device-measured daily steps (€HR =0.44 [0.35-0.56]) and aerobic plus resistance training (éHR =0.60 [0.56-0.64]) with lower
all-cause mortality. Weak evidence supported links between self-reported and device-measured SB and higher mortality €tHR=1.3
[1.22-1.38] and eHR =2.16 [1.09-4.28], respectively). Suggestive evidence was noted for the association between self-reported leisure
time PA (eHR=0.74 [0.69-0.80]) and resistance training (¢HR =0.82 [0.81-0.84]) with cardiovascular mortality. Suggestive evidence
was also found for the association between self-reported leisure time PA (eHR =0.87 [0.83-0.91]) with cancer mortality. Associations
between self-reported running time and mortality from all causes, cardiovascular diseases (CVD) and cancer did not reach statistical
significance nor did the association between low skeletal muscle mass and all-cause mortality. Meta-regression analyses showed that
physical activity reduces mortality risk, with age reducing the protective effects against all-cause, CVD and cancer mortality. We also
found that combined exercise training (aerobic plus resistance) most effectively reduces all-cause and CVD mortality.

Conclusions: Converging evidence supports that physical activity and sedentary behaviour are associated with lower and higher
rates of all-cause, cardiovascular and cancer mortality. More high-quality prospective studies are needed for a better understand-

ing of the associations between running time and also TV-viewing time and health-related outcomes.

1 | Introduction

Cardiovascular diseases (CVD) and cancers are the leading global
causes of mortality and morbidity, contributing to 32% and 17%
of all reported deaths worldwide in 2019, respectively [1]. Lack
of physical activity (PA) and prolonged sedentary behaviour (SB)
are two key modifiable risk factors that have been associated
with higher hazards of mortality from all causes, from CVD and
from cancers. Considering the existence of strong evidence docu-
menting that physical inactivity (defined as not meeting PA rec-
ommendations as 150min of moderate to vigorous PA per week)
has been attributed to more than five million premature deaths a
year worldwide [2], few people meet the recommended levels of PA
[3]. Consequently, many countries and scientific authorities have
released PA guidelines or have emphasized the potential benefits
of reducing prolonged SB [4, 5]. The updated 2020 WHO guide-
lines build upon the previous 2010 recommendations, reinforcing
the message that engaging in any amount of PA is beneficial, with
increased levels of activity linked to better health outcomes. In
addition to reemphasizing the need to minimize SB, these guide-
lines stress the importance of regularly incorporating both aerobic
and resistance training. These guidelines serve as a foundation
for shaping national health policies in alignment with the WHO
Global Action Plan on Physical Activity 2018-2030 and support
the enhancement of systems for tracking progress towards both
national and global health targets [4].

Most epidemiological evidence on PA and health is based on
studies that assessed the mortality and morbidity rates accord-
ing to different forms of movement behaviours represented as
total PA (TPA) or further classified into distinct categories
of intensity-based PA, that is, vigorous-intensity PA (VPA),
moderate-to-vigorous-intensity PA (MVPA), light-intensity
PA (LPA), daily step counts and prolonged SB. Previous

meta-analyses on the association between these forms of PA
and health outcomes concluded that a higher level of PA was
significantly associated with lower mortality from all causes,
CVD and cancers. Hermelink et al. [6] found positive associa-
tions between SB and cancer incidence and mortality, whereas
de Rezende et al. [7] reported that PA reduces cancer risks and
overall cancer mortality. However, these reviews did not eval-
uate the combined effects of PA and SB on all-cause mortality
or CVD, nor did they differentiate between self-reported and
device-measured PA and SB. Additionally, Kraus et al. [8] and
Fukushima et al. [9] focused primarily on structured forms of
PA, such as TPA and LTPA, without considering other forms
of PA and SB and did not address the credibility of evidence in
their dose-response analyses.

Overall, these findings indicate that PA-related umbrella re-
views are mostly restricted to cancer or mortality outcomes.
There is currently no umbrella review that encompasses var-
ious forms of PA, including TPA, LTPA, walking time, run-
ning time, daily steps, resistance training, aerobic training
and combined aerobic plus resistance training, along with
SB and cardiorespiratory fitness (CRF), with a focus on mor-
tality from all causes, CVD and cancer. This study, however,
goes beyond examining general PA and SB by including the
effects of different types of exercise interventions, such as aer-
obic training, resistance training and their combination, on
mortality outcomes. By evaluating the impacts of both gen-
eral PA and specific exercise modalities, we aim to provide
a more comprehensive understanding of how various forms
of PA contribute to health outcomes, which has not been sys-
tematically reviewed in previous umbrella reviews. Therefore,
the purpose of this study was to synthesize published meta-
analyses on the association of all domains of PA and SB with
mortality from all causes, CVD and cancer.
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2 | Methods
2.1 | Searches and Inclusion Criteria

We conducted an umbrella review of meta-analyses of observa-
tional studies that reported on outcomes associated with differ-
ent levels and types of PA and SB and all-cause mortality, CVD
mortality or any cancer mortality.

We followed an a priori protocol (PROSPERO; ref. No.
CRD42024519058) and adhered to PRIOR and PRISMA 2020
guidelines (adapting PRISMA to the abstract of an umbrella
review; Tables S1 and S2) [10-15]. Two authors independently
screened the references retrieved systematically by searching
PubMed/MEDLINE, EMBASE and Web of Science databases
up to 30 April 2024, without language restrictions, and ex-
tracted data into a spreadsheet. We also manually searched the
Cochrane Library. To identify additional studies, we also con-
ducted extensive manual searches of the reference lists of the
retrieved review articles. The search key is available in the sup-
plementary methods. We excluded systematic reviews without
a meta-analysis, pooled analyses of studies identified without a
systematic search and individual studies. Two researchers (M.R.
and D.K.Y.) independently searched the existing literature and
extracted data for each eligible article. For each study, the title,
abstract and keywords were reviewed for inclusion, and any am-
biguity was resolved through discussion by a third researcher
(H.L.) [16-20].

The outcome of interest was the association of different domains
of PA and SB on all-cause mortality, CVD mortality or any can-
cer mortality in previously available meta-analyses that only
included observational studies. TPA, LTPA, running time, step
counts and resistance training, as well as SB and TV-viewing
time, were considered as different domains of PA. We also in-
cluded studies that reported the association between CRF and
health outcomes. Additionally, we included pooled analysis
studies that conducted a systematic search and meta-analysis.

2.2 | Data Extraction and Quality Assessment

Extracted information from meta-analyses and individual stud-
ies included in meta-analyses were first author, year of publi-
cation, design of included studies, number of included studies
in the meta-analysis, the exposure and comparison definitions,
the outcomes and their effect size and dispersion measure (when
adjusted and unadjusted effect sizes were reported, we selected
the most adjusted ones). Data extraction procedures were done
by two independent researchers (M.R. and D.K.Y.). The meth-
odological quality of each included meta-analysis was assessed
independently by two researchers (M.R. and D.K.Y.) using A
Measurement Tool to Assess Systematic Reviews Version 2
(AMSTAR 2) [21]. In cases of disagreement, a consensus was
reached through discussion with a third investigator (H.L.).

2.3 | Data Analysis

For each association from observational studies (i.e., between
different domains of PA and SB and outcomes), we extracted the

effect sizes of individual studies reported in each meta-analysis,
recalculating the pooled effect sizes and 95% confidence intervals,
using random effects models. To reduce inappropriate Type 1 er-
rors, we reanalysed each eligible association under the random
effects model using DerSimonian and Laird method (if included
studies were equal or more than 10) [22] and Hartung-Knapp-
Sidik-Jonkman (if less than 10) [23]. We also tested the hetero-
geneity with the I? statistics and p curve was assessed to detect
potential p-hacking with values > 50% [24]. Moreover, to estimate
the possible range in which the effect sizes of future studies were
anticipated to fall, 95% prediction intervals for the summary ran-
dom effect sizes were computed [25]. Prediction intervals were
calculated using both the estimated between-study heterogeneity
variance given from tau? as well as the standard error of the pooled
effect [26]. We then analysed small study effect bias, investigating
whether smaller studies produced larger effect sizes compared
with larger studies [27]. We considered the presence of small study
effect when two conditions were met: First, the Egger regression
asymmetry test indicated publication bias (p value <0.10), and sec-
ond, the random effects summary effect size surpassed the effect
size of the largest study contributing to that particular association
[27, 28]. Sensitivity analyses were conducted to include influence
analysis and Baujat plots. Studies rated as low or critically low in
the AMSTAR 2 quality assessment were excluded from these anal-
yses. Influence analyses were subsequently carried out to examine
the effect of individual studies on the pooled estimate by systemat-
ically excluding one study at a time and re-estimating the overall
effect size [29]. A Baujat plot was generated to present each study's
contribution to heterogeneity and publication bias, facilitating the
identification of potential outliers [29-31]. Furthermore, to assess
the robustness of the findings, meta-analyses were repeated on
the reduced dataset using the Hartung-Knapp-Sidik-Jonkman
random effects model, enabling a direct comparison of results.
Lastly, we assessed significance bias using an updated approach
to identify the publication selection of statistically significant find-
ings through observable excess statistical significance [32, 33]. We
performed calculations for the test of excess statistical significance
and the proportion of statistical significance, ensuring proper con-
trol for Type I errors and achieving high statistical power and to
evaluate whether the expected number of studies (E) differs from
the actual observed number of studies (O) with statistically signifi-
cant results (p <0.05) included in each meta-analysis [33]. To evalu-
ate the potential impact of age and different measurement method
(self-reported and device-measured) on the relationship between
physical activity and mortality, a random-effects meta-regression
analyses were conducted. The dependent variable was the Fisher
z-transformed correlation coefficient, and age or measurement
method was used as the moderator (independent variable) in the
analysis, employing the restricted maximum likelihood (REML)
approach. We also performed four sets of subgroup analyses by
different follow-up period (<10years vs. >10years), different
measurement method (self-reported vs. device-measured), differ-
ent exercise training modality (resistance training versus aerobic
training or resistance training plus aerobic training) and dose-re-
sponse relationship between physical activity and mortality (high
vs. inactive, moderate vs. inactive, and low vs. inactive). All anal-
yses were conducted in R (Version 4.2.2; R Foundation, Vienna,
Austria), Review Manager (Version 5.4; The Nordic Cochrane
Centre, Copenhagen, Denmark) or Comprehensive Meta-analysis
(Version 3.3; Biostat Inc., Englewood, NK), and a two-sided p value
< 0.05 was considered significant [19, 34].
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2.4 | Assessment of the Credibility of Evidence

Associations between different levels of PA and SB and the risk
of all-cause mortality, CVD mortality or any cancer mortality
were classified into five levels of evidence strength in accor-
dance with grading schemes applied in previously published
umbrella reviews [6, 26, 28, 35] as convincing (p <107, > 30000
cases, p<0.05 of the largest study in meta-analysis, I?> < 50%, no
small study effect; prediction interval excludes the null value;
no excess significance bias), highly suggestive (p <1076, > 1000
cases, p<0.05 of the largest study in meta-analysis), sugges-
tive (p< 1073, >1000 cases), weak (p<0.05) or no association
(p>0.05). Evidence of strong statistical significance using
random-effects meta-analyses at p value < 50%, absence of small
study effects (Egger p value >0.10) and 95% PI were excluded
from the null [28].

3 | Result

Starting from 5258 records after duplicate removal, we excluded
5057 studies at title and abstract screening stage and 154 at
full-text level, resulting in 48 publications being included. All
excluded studies after full-text assessment, with reason for ex-
clusion, are listed in Table S3, and the article selection flow
is represented in Figure 1. The eligible meta-analyses of pro-
spective cohorts were published between 2008 and 2023. The
quality of included meta-analyses according to AMSTAR 2 was
high in 25 meta-analyses, moderate in 10, low in 2 and critically
low in 11 (Table 1). Overall, 1018 unique meta-analytical asso-
ciations were identified reporting on the association between
self-reported TPA, device-measured TPA, self-reported LTPA,
self-reported walking time, self-reported running time, device-
measured daily steps, resistance training, aerobic training, aer-
obic plus resistance training, device-measured CRF, CRF per
one-MET increase in CRF, self-reported SB, device-measured
SB, self-reported TV-viewing and low skeletal muscle mass
with mortality from all causes, CVD and cancer in healthy
population.

3.1 | Summary of Associations

Of the 35 examined meta-analytical associations, 28 (80%)
had a nominally statistically significant finding (p<0.05)
under the random-effects models, but none of those reached
a p value of 107° or less. All meta-analytical associations had
more than 1000 cases for continuous outcomes. Twenty-five
meta-analytical associations (72%) exhibited large heteroge-
neity (I?>50%), and only 13 of them (38%) had a 95% PI that
excluded the null value. Additionally, small study effects were
found for only four meta-analytical associations (11%), and ex-
cess significance bias was found for seven studies. None of the
associations reached a convincing (Class I) or highly suggestive
(Class II) level of evidence. For the remaining associations, 11
(31.5%) showed suggestive evidence (Class III). These included
associations between self-reported LTPA and mortality from all-
causes, CVD and cancers; self-reported TPA and mortality from
all-causes; device-measured TPA and daily steps and mortality
from all-causes; results from pooled studies and mortality from

7734 Records identified
7722 Databases

12 Manual search from Pubmed and references of
included studies

—> 2476 duplicate records removed

5258 Records screened

5056 Records excluded after title
and abstract review

\4

202 Records screened for eligibility

154 Records excluded after full
text assessment

68 No meta-analysis

78 Meta-analyses with no related
outcome

6 Dose-response meta-analysis

2 Mendelian randomisation
studies

A 4

Meta-analyses included in umbrella review (n =48)

FIGURE1 | Study selection flow. References of excluded studies af-
ter full text assessment available in Table S3.

all-causes, CVD and cancers; resistance training and mortality
from CVD; and aerobic plus resistance training and mortality
from all-causes.

Seventeen associations (48.5%) showed weak evidence (class
IV). These included associations between self-reported SB and
mortality from all-causes, CVD and cancers; device-measured
SB and mortality from all-causes; self-reported walking time
and mortality from all-causes; self-reported TV viewing and
mortality from cancers; resistance training and mortality from
all-causes and cancers; aerobic training and mortality from
all-causes; aerobic plus resistance training and mortality from
CVD and cancers; device-measured CRF and mortality from all-
causes, CVD and cancers; CRF per one-MET increase in CRF
and mortality from all-causes and CVD; and PA and the inci-
dence of cardiovascular disease.

Finally, seven associations (20%) had no evidence (not signifi-
cant). These included associations between self-reported run-
ning time and mortality from all-causes, CVD and cancers;
low skeletal muscle mass and mortality from all-causes; device-
measured daily steps per 1000-step increment and mortality
from all causes; and self-reported TV viewing and mortality
from all-causes and CVD. The detail for the classification of
the level of evidence is presented in the Supporting Information
(Table S4).
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| (Continued)

TABLE 1

Mean years

Population

Quality

Outcome Main results (HR ([95% CI])

Comparison

Exposure

follow-up

(age)

Study

High

1.49 (1.14-2.03)
1.90 (1.36-2.66)

All-cause mortality

High vs. low SB

Self-reported SB

12

18

Wilmot et al. [80]

CVD mortality

Critically low

All-cause mortality 0.81 (0.76-0.85)

11 vs. 0 MET-h/week

Self-reported TPA

22 20-88 11.9

Woodcock et al.

[81]

0.89 (0.82-0.96)

Self-reported

walking time

High

1.36 (1.59-1.75)
1.29 (1.05-1.58)

All-cause mortality

Low vs. normal muscle mass

Muscle wasting

2.5-32

38.7-93.5

49

Zhou et al. [82]

CVD mortality

1.75 (1.02-1.27)

Cancer mortality

Abbreviations: CI; coefficient intervals; CRF, cardiorespiratory fitness; CVD, cardiovascular disease; HR, hazard ratio; k, number of included studies; LTPA, leisure-time physical activity; MET, metabolic equivalent task; NA, not

applicable; NR, not reported; OPA, occupational physical activity; PA, physical activity; RT, resistance training; SB, sedentary behaviour; TPA, total physical activity.

2Showing pooled analysis studies.

3.2 | All-Cause Mortality

Overall, suggestive evidence indicates that any form of PA
and SB was significantly associated with lower and higher
hazards of all-cause mortality (eHR=0.69 [95% confidence
interval 0.61-0.78], p=0.00001, and eHR=1.38 [1.31-1.46],
p=0.00001) (Figure 2). The association between self-reported
TPA (eHR =0.78 [0.70-0.86]), device-measured TPA (eHR =0.47
[0.35-0.63]), self-reported LTPA (eHR =0.73[0.66—0.80]), device-
measured daily steps (eHR =0.44 [0.35-0.56]) and aerobic plus
resistance training (eHR =0.60 [0.56-0.64]) with all-cause mor-
tality was supported by suggestive evidence. Weak evidence was
noted for the association between self-reported SB (eHR=1.3
[1.22-1.38]), device-measured SB (eHR=2.16 [1.09-4.28]),
self-reported walking time (eHR=0.79 [0.61-1.00]), resistance
training (eHR=0.82 [0.76-0.88]), aerobic training (éHR=0.73
[0.57-0.93]), device-measured CRF (eHR=0.58 [0.38-0.89])
and CRF per one-MET increase in CRF (€HR =0.87 [0.82-0.93])
with all-cause mortality. The evidence did not reach to the sig-
nificant level for the association between self-reported running
time (eHR=0.78 [0.35-1.76]), device-measured daily steps per
1000 steps increment (eHR =0.86 [0.69-1.07]), self-reported TV-
viewing (eHR=1.27 [0.27-5.94]) and low skeletal muscle mass
(eHR =1.40 [0.67-2.92]) with all-cause mortality. The summary
estimates in the meta-analyses of the pooled studies indicated
suggestive evidence for the association between TPA and LTPA
with all-cause mortality (eHR=0.70 [0.64-0.76]) (Tables S5
and S6).

3.3 | Cardiovascular Disease Mortality

Our pooled analysis showed suggestive and weak evidence im-
plicating that any form of PA and SB was significantly associated
with lower and higher hazards of CVD mortality (eHR=0.72
[0.63-0.82], p=0.00001, and eHR=1.54 [1.08-2.18], p=0.02)
(Figure 3). Evidence was suggestive for the associations be-
tween self-reported LTPA (eHR =0.74 [0.69-0.80] and resistance
training (eHR=0.82 [0.81-0.84]) with CVD mortality. Weak
evidence was found for the associations between self-reported
SB (eHR=1.47 [1.04-2.07]), aerobic plus resistance training
(eHR=0.52 [0.41-0.66]), device-measured CRF (eHR=0.51
[0.34-0.77]) and CRF per one-MET increase in CRF (eHR =0.86
[0.74-0.99]) with CVD mortality. Weak evidence was also noted
for the associations PA and the incidence of cardiovascular dis-
ease (eHR=0.55 [0.31-1.00]). The evidence did not reach to the
significant level for the association between self-reported run-
ning time (eHR =0.81 [0.62-1.05]) and self-reported TV-viewing
(eHR=1.68 [0.85-3.30]) with CVD mortality. Additionally, the
evidence was suggestive in the meta-analyses of the pooled
studies for the association between TPA, LTPA, walking time
and dancing time with CVD mortality (éHR =0.69 [0.61-0.78])
(Table S5).

3.4 | Cancer Mortality

The random-effect model showed that any form of PA and
SB was significantly associated with lower and higher haz-
ards of cancer mortality (¢HR =0.84 [0.80-0.89], p=0.00001,
and eHR=1.23 [1.15-1.32], p=0.00001) (Figure 4).
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Outcome Class of eHR (95% CI) eHR (95% CI)
evidence

Aerobic training v - 0.73 (0.57 t0 0.93)
Aerobic training plus resistance training 1 ' 0.60 (0.59 to 0.61)
Device-measured daily steps 1 I 0.44 (0.35 t0 0.56)
Device-measured daily steps per 1000 steps increment NA — 0.86 (0.69 to 1.07)
Device-measured TPA 111 —_— 0.49 (0.37 to 0.65)
Resistance training v - 0.82 (0.76 to 0.88)
Self-reported LTPA 11 - 0.73 (0.66 to 0.80)
Self-reported running time NA - 0.73 (0.68 to 0.79)
Self-reported TPA 1II — 0.78 (0.61 to 1.00)
Self-reported walking time v 0.79 (0.61 to 1.00)
Total overall effect 1 Active Inactive 0.69 (0.61 to 0.78)
Device-measured SB v 2.63 (1.94 to 3.56)
Self-reported SB v 'i- 1.3 (1.22 to 1.38)
Self-reported TV-viewing NA 1.44 (1.34 to 1.56)
Total overall effect 111 Less sedentary More sedentary 1.38 (1.31 to 1.46)

FIGURE 2 | Observational meta-analytical associations between different domains of physical activity and sedentary behaviour with mortality

from all causes in general population. LTPA, leisure-time physical activity; NA, not applicable; SB, sedentary behaviour; TPA, total physical activity.

Class of evidence: suggestive (III) and weak (IV).

Outcome Class of eHR (95% CI) eHR (95% CI)
evidence

Aerobic training plus resistance training v - 0.52 (0.41 to 0.66)
Resistance training 111 u 0.82 (0.81 to 0.84)
Self-reported LTPA 111 hl 0.74 (0.69 to 0.80)
Self-reported running time NA 0.70 (0.49 to 0.98)
Total overall effect 11 Active Inactive 0.72 (0.63 to 0.82)
Self-reported SB v - 1.90 (1.36 to 2.66)
Self-reported TV-viewing NA 1.32 (1.12 to 1.55)
Total overall effect v Less sedentary More sedentary 1.54 (1.08 to 2.18)

FIGURE 3 | Observational meta-analytical associations between different domains of physical activity and sedentary behaviour with mortality

from CVD in general population. LTPA, leisure-time physical activity; NA, not applicable; SB, sedentary behaviour. Class of evidence: suggestive

(ITT) and weak (IV).
Outcome Class of eHR (95% CI) eHR (95% CI)
evidence

Aerobic training plus resistance training v 0.80 (0.65 to 0.99)
Resistance training 11 - 0.84 (0.77 t0 0.92)
Self-reported LTPA 11 0.87 (0.83 t0 0.91)
Self-reported running time NA 0.77 (0.68 to 0.87)
Total overall effect I Active Inactive 0.84 (0.80 to 0.89)
Self-reported SB v ‘ 1.22 (1.13 to 1.31)
Self-reported TV-viewing NA 1.29 (1.10 to 1.51)
Total overall effect 111 Less sedentary More sedentary 1.23 (1.15 to 1.32)

FIGURE 4 | Observational meta-analytical associations between different domains of physical activity and sedentary behaviour with mortality

from cancer in general population. LTPA, leisure-time physical activity; NA, not applicable; SB, sedentary behaviour. Class of evidence: suggestive

(I1T) and weak (IV).

Suggestive evidence was found for the association between
self-reported LTPA (eHR=0.87 [0.83-0.91]) with cancer
mortality. However, weak evidence was noted for the asso-
ciations between self-reported SB (eHR=1.47 [1.04-2.07]),
self-reported TV-viewing (eHR=1.27 [1.10-1.48]), resistance
training (eHR=0.84 [0.77-0.92]), aerobic plus resistance
training (eHR=0.80 [0.65-0.99]) and device-measured CRF
(eHR=0.67 [0.49-0.90]) with cancer mortality. The evidence
did not reach to the significant level for the association be-
tween self-reported running time (eHR=0.84 [0.34-2.07])
with cancer mortality. The evidence was also suggestive in

the meta-analyses of the pooled studies for the association
between TPA and LTPA with cancer mortality (eHR=0.84
[0.78-0.90]) (Table S5).

3.5 | The Role of Age on the Relationship Between
Physical Activity and Mortality

Meta-regression analyses were conducted to examine the
moderating role of age on the relationship between physical
activity and mortality due to all-cause mortality, CVD and
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cancer. The analysis revealed a significant negative associa-
tion between age and the magnitude of the protective effect
of physical activity on mortality across all types of mortality
in individuals who engage in physical activity, as observed
in the meta-analyses of the pooled studies. Specifically, for
all-cause mortality, the slope was —0.042 (95% CI: —0.059 to
—0.026, p<0.00001, Figure S1), indicating that for each 1-
year increase in age, the protective effect of physical activity
on all-cause mortality risk decreases by approximately 4.2%.
Similarly, for CVD mortality, the slope was —0.079 (95% CI:
—0.010 to —0.050, p<0.00001, Figure S2), suggesting that for
each year increase in age, the protective effect of physical ac-
tivity on CVD mortality risk decreases by 7.9%. Lastly, for can-
cer mortality, the slope was —0.025 (95% CI: —0.049 to —0.002,
p<0.03, Figure S3), showing that for each year increase in
age, the protective effect of physical activity on cancer mor-
tality risk decreases by approximately 2.5%. These findings
suggest that age is an effect modifier, where physical activity
has a greater protective effect on mortality in younger adults
compared to older adults. As people age, the likelihood of
mortality increases even among those who engage in physical
activity, which reduces the observed difference in mortality
risk between physically active and inactive individuals. These
results emphasize the importance of maintaining physical
activity across the lifespan, particularly in older adults, as a
strategy to mitigate the risk of mortality from various causes.

3.6 | Dose-Response Relationship Between
Physical Activity and Mortality

Subgroup analysis based on the dose-response relationship
indicated that higher level of LTPA were significantly associ-
ated with lower hazards of all-cause mortality (high vs. inac-
tive: eHR=0.73 [0.66-0.80], I>’=80%, p<0.0001; moderate vs.
inactive: eHR=0.69 [0.65-0.73], p<0.0001; low vs. inactive:
eHR=0.77 [0.73-0.81], p<0.0001; Figure S4) and CVD mortal-
ity (high vs. inactive: eHR =0.71 [0.66-0.77], I> = 55%, p < 0.0001;
moderate vs. inactive: eHR=0.74 [0.69-0.81], p<0.0001; low
vs. inactive: eHR=0.81 [0.77-0.85], p<0.0001; Figure S5). We
observed a trend indicating that higher levels of LTPA are as-
sociated with a lower hazards of cancer mortality (high vs. in-
active: eHR=0.84 [0.79-0.90], I>=14%, p<0.0001; moderate
vs. inactive: eHR =0.85 [0.81-0.89], p <0.0001; low vs. inactive:
eHR =0.90 [0.87-0.93], p<0.0001; Figure S6). Subgroup analy-
sis based on the dose-response relationship showed that higher
level of device-measured TPA (Figure S7), but not self-reported
TPA (Figure S8), was significantly associated with lower hazards
of all-cause mortality (device-measured TPA; high vs. inactive:
eHR =0.38 [0.27-0.53], I>*=89%, p<0.0001; moderate vs. inac-
tive: eHR =0.54 [0.35-0.85], >*=92%, p=0.008; low vs. inactive:
eHR =0.67 [0.57-0.80], I>=27%, p<0.0001; self-reported TPA;
high vs. inactive: eHR=0.79 [0.66-0.94], ’=96%, p<0.0001;
moderate vs. inactive: eHR =0.73 [0.66-0.80], 1> =0%, p <0.0001;
low vs. inactive: eHR =0.78 [0.70-0.87], p <0.0001).

Subgroup analysis based on the dose-response relationship
in pooled analysis studies revealed no association between
higher level of PA and all-cause mortality (high vs. inac-
tive: eHR=0.68 [0.58-0.80], I?=97%, p<0.0001; moderate
vs. inactive: eHR=0.71 [0.63-0.81], I>=97%, p<0.0001;

low vs. inactive: eHR=0.71 [0.64-0.77], I*=95%, p <0.0001;
Figure S9), CVD mortality (high vs. inactive: eHR=0.66
[0.50-0.88], I’=96%, p=0.004; moderate vs. inactive:
eHR =0.64 [0.49-0.84], I’=94%, p=0.001; low vs. inactive:
eHR =0.73 [0.63-0.84], I’=91%, p<0.0001; Figure S10) and
cancer mortality (high vs. inactive: eHR=0.82 [0.68-0.98],
I?=96%, p=0.030; moderate vs. inactive: eHR=0.83
[0.69-1.00], I’=93%, p=0.060; low vs. inactive: eHR=0.85
[0.76-0.96], I> = 94%, p = 0.009; Figure S11).

However, subgroup analysis based on the different measurement
method indicated that device-measured TPA was significantly as-
sociated with lower hazards of all-cause mortality, compared to
self-reported TPA (device-measured TPA: eHR=0.47 [0.36-0.63],
?=94%, p<0.0001; self-reported TPA: eHR=0.78 [0.69-0.87],
I?=93%, p<0.0001; Figure S12). Meta-regression analysis was
conducted to examine the moderating role of the measurement
method on the relationship between physical activity and mor-
tality. The analysis revealed a significant interaction between the
measurement method and the physical activity-mortality associa-
tion. Specifically, for all-cause mortality, the slope for the interac-
tion between self-reported and device-measured physical activity
was —0.47 (95% CI: —0.55 to —0.37, p<0.0001; Figure S13), sug-
gesting that device-measured physical activity has a stronger asso-
ciation with reduced mortality compared to self-reported activity.
This indicates that the method of measuring physical activity
significantly moderates the relationship between physical activ-
ity and mortality risk. These findings underscore the importance
of using accurate and objective measurement methods in studies
examining the health benefits of physical activity, particularly in
relation to mortality outcomes.

3.7 | The Relationship Between Different Types
of Exercise Training and Mortality

We performed another set of subgroup analysis to compare
the relationship between resistance training, aerobic training
and aerobic plus resistance training with mortality. We found
that combined exercise training (aerobic plus resistance train-
ing) was the most appropriate form of exercise for reducing the
hazards of all-cause mortality (aerobic plus resistance training:
eHR=0.60 [0.56-0.64], I>’=0%, p <0.0001; resistance training:
eHR=0.82 [0.77-0.86], I’=0%, p<0.0001; aerobic training:
eHR=0.73 [0.66-0.80], I*=32%, p<0.0001; Figure S14) and
also CVD mortality (aerobic plus resistance training: eHR =0.52
[0.43-0.63], I’=0%, p<0.0001; resistance training: eHR =0.83
[0.77-0.89], I?’=0%, p<0.0001; Figure S15). However, we did
not find any significant difference between resistance train-
ing and combined exercise training for reducing the hazards of
cancer mortality (aerobic plus resistance training: eHR =0.81
[0.69-0.95], I’=16%, p=0.010; resistance training: eHR =0.84
[0.79-0.89], I*=5%, p <0.0001; Figure S16).

3.8 | Heterogeneity and Sensitivity Analyses

To explore the potential effects of different follow-up durations
on the relationship between physical activity and mortality, we
performed a set of subgroup analyses and compared the hazards
for follow-up periods of less than 10years and equal to or greater
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than 10years. Only for the association between self-reported
SB with CVD mortality, higher follow-up duration was asso-
ciated with higher hazards of mortality (< 10years: eHR=1.18
[1.10-1.26]; > 10years: eHR =1.59 [1.26-2.01]; Figure S17). There
were no significant differences in the relationship between self-
reported LTPA and mortality (due to all-cause mortality, CVD
and cancer), self-reported TPA and all-cause mortality, self-
reported SB and mortality (due to all-cause mortality, CVD and
cancer) and in the meta-analyses of pooled studies and mortality
(due to all-cause mortality, CVD and cancer) across different fol-
low-up durations (Figures S18-S27).

To evaluate the robustness of overall effect sizes, we conducted
several analyses for sensitivity. First, for outcomes with hetero-
geneity exceeding 50%, we conducted p-curve analysis, and the
overall pattern of results remained consistent, indicating no
substantial evidence of p-hacking (Figures 28-37). This anal-
ysis further supports the conclusion that PA, SB, exercise train-
ing and mortality from all-causes, CVD and cancers are not
predominantly influenced by studies with exceptionally large
effect sizes or small p values. Second, we removed studies with
low and critically low quality and recalculated the overall effect
sizes based on the remaining studies. The overall effect sizes for
the following analysis remained stable: relationship between self-
reported LTPA and CVD mortality (before sensitivity analysis:
eHR=0.74 [0.69-0.80], p <0.0001, suggestive evidence; after sen-
sitivity analysis: eHR =0.73 [0.65-0.83], p=0.002, suggestive ev-
idence; Figure S38), relationship between device-measured TPA
and all-cause mortality (before sensitivity analysis: eHR =0.49
[0.37-0.65], p=0.0003, suggestive evidence; after sensitivity
analysis: eHR=0.52 [0.40-0.67], p=0.001, suggestive evidence;
Figure S39), relationship between self-reported SB and all-cause
mortality (before sensitivity analysis: eHR=1.3 [1.22-1.38],
p=0.01, weak evidence; after sensitivity analysis: eHR=1.33
[1.22-1.45], p=0.005, suggestive evidence; Figure S40), rela-
tionship between device-measured SB and all-cause mortality
(before sensitivity analysis: eHR=2.16 [1.09-4.28], p=0.04,
weak evidence; after sensitivity analysis: eHR=2.53 [1.57-4.07],
p=0.026, weak evidence; Figure S41), relationship between PA
and all-cause mortality in pooled analysis studies (before sensi-
tivity analysis: eHR =0.70 [0.64-0.76], p<0.0001, suggestive evi-
dence; after sensitivity analysis: eHR =0.64 [0.55-0.74], p<0.001,
suggestive evidence; Figure S42), relationship between PA and
CVD mortality in pooled analysis studies (before sensitivity anal-
ysis: eHR=0.69 [0.61-0.78], p <0.0001, suggestive evidence; after
sensitivity analysis: eHR=0.62 [0.56-0.67], p<0.002, sugges-
tive evidence; Figure S43), relationship between PA and cancer
mortality in pooled analysis studies (before sensitivity analysis:
eHR=0.84 [0.78-0.90], p=0.0006, suggestive evidence; after
sensitivity analysis: eHR=0.84 [0.75-0.94], p=0.021, weak ev-
idence; Figure S44), relationship between resistance training
and all-cause mortality (before sensitivity analysis: eHR=0.82
[0.76-0.88], p=0.03, weak evidence; after sensitivity analysis:
eHR=0.83 [0.76-0.91], p=0.012, weak evidence; Figure S45)
and relationship between resistance training and cancer mortal-
ity (before sensitivity analysis: eHR =0.84 [0.77-0.92], p=0.005,
weak evidence; after sensitivity analysis: eHR =0.85 [0.81-0.90],
p=0.002, suggestive evidence; Figure S46).

However, the relationship between self-reported TPA and
all-cause mortality (before sensitivity analysis: eHR=0.78

[0.70-0.86], p=0.0008, suggestive evidence; after sensitivity
analysis: eHR =0.88 [0.77-1.00], p=0.051; Figure S47) changed
to a nonsignificant level after the sensitivity analysis. The re-
lationship between self-reported SB and CVD mortality (be-
fore sensitivity analysis: eHR=1.90 [1.36-2.66], p=0.03, weak
evidence; after sensitivity analysis: eHR=1.32 [0.83-2.12],
p=0.126; Figure S48) also became nonsignificant. Similarly,
the relationship between self-reported SB and cancer mortality
(before sensitivity analysis: eHR=1.22 [1.13-1.21], p=0.049,
weak evidence; after sensitivity analysis: eHR=1.19 [0.96-1.47],
p=0.06; Figure S49) turned nonsignificant. Finally, the relation-
ship between self-reported walking time and all-cause mortality
(before sensitivity analysis: eHR=0.79 [0.61-1.00], p=0.0008,
suggestive evidence; after sensitivity analysis: eHR=0.88
[0.77-1.00], p=0.051; Figure S50) also became nonsignificant
after the sensitivity analysis, which removed studies of low and
critically low quality. Third, to facilitate the identification of
potential outliers, a Baujat plot was generated to present each
study's contribution to heterogeneity and publication bias. The
results indicated that no study contributed significantly to het-
erogeneity or publication bias (Figures S51-S63).

4 | Discussion

This umbrella review graded the credibility and certainty of ev-
idence on the association between different domains of PA and
SB with mortality from all causes, CVD and cancer, encompass-
ing observational evidence.

Overall, PA and SB had lower and higher associations with mor-
tality from all causes, CVD and cancers. Evidence from observa-
tional studies (high credibility and suggestive certainty) show an
association between self-reported TPA, device-measured TPA,
self-reported LTPA and self-reported SB with all-cause mortality
and an association between self-reported LTPA and resistance
training with CVD mortality. Observational evidence with high
credibility and a certainty suggests an association between device-
measured SB, resistance training, aerobic training, aerobic plus
resistance training, device-measured CRF and CRF per one-MET
increase in CRF with all-cause mortality; an association between
self-reported SB, aerobic plus resistance training, device-measured
CRF and CRF per one-MET increase in CRF with CVD mortal-
ity; and an association between self-reported SB, self-reported TV-
viewing, resistance training, aerobic plus resistance training and
device-measured CRF with cancer mortality.

Importantly, 7.2% and 7.6% of all-cause and CVD mortality
were attributed to physical inactivity, respectively [83]. Using a
population-attributable fraction formula to estimate the direct
public health-care costs of noncommunicable diseases (NCDs) for
2020-30 has shown that if the prevalence of physical inactivity
does not change, 499.2 million new cases of preventable major
NCDs would occur globally by 2030 and the global cost of inac-
tion on physical inactivity would reach approximately $47.6 bil-
lion per year [84]. According to the Global Burden of Disease 2019
study, LPA was associated with 198.42 (95% uncertainty interval
108.16-360.32) disability adjusted life years per 100000 individu-
als and 11.1 (95% uncertainty interval 5.66-19.51) death rates per
100000 individuals globally [85]. The analysis of burden of dis-
ease and life expectancy in 2012 has been indicated that physical
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inactivity causes 6%-10% of the major NCDs including coronary
heart disease, type 2 diabetes, and breast and colon cancers. More
importantly, by elimination of physical inactivity, the global life
expectancy might be expected to increase by 0.68 years [2].

There is limited biological mechanistic information about the
health benefits of different domains of PA. It has been docu-
mented that PA influences blood pressure, lipid levels, glucose
tolerance and body mass index. Moreover, PA can directly affect
the function and structure of the vascular system and may help
reduce cardiovascular risk. PA can also improve endothelial cell
function, reduce plaque progression, stabilizing the induced
plaques, decrease myocardial oxygen demand and alleviate
thrombosis [84, 86-88].

In our analysis, we observed a notable difference between the
studies using self-reported questionnaires and those utilizing
objective tools such as accelerometers for measuring PA levels.
Specifically, studies relying on questionnaires reported much
larger effect sizes and more favourable health benefits compared
to those using objective tools. This discrepancy could be at-
tributed to biases associated with self-reported data, such as recall
bias or social desirability bias, which might overestimate the asso-
ciations between PA and health outcomes. Given these findings,
we recommend that future studies in this area carefully consider
the differences between self-reported and objective measurement
methods when analysing the impact of PA and SB on health out-
comes. Employing both types of measurement tools in parallel
could provide a more robust understanding of these relationships
and help mitigate the biases introduced by self-reporting.

4.1 | Implications and Future Research

Given that CVD and cancers are the leading causes of mortality
[1], the findings of our umbrella review may have important im-
plications for public health and provide support for the current
recommended public health guidelines. Public health policy mak-
ers and researchers should consider this evidence synthesis when
making policy decisions on PA recommendation and can inform
future guideline development by also recognizing the role of PA
for reducing the risk of premature death. Future PA guidelines are
needed to translate current evidence synthesis findings into clin-
ical practice, while involving stakeholders. We only investigated
the associations of PA with mortality from all-causes, CVD and
cancers. Thus, more evidence synthesis studies are needed to de-
termine the associations between PA and SB with cause specific
mortality and for other chronic morbidities such as type 2 diabetes,
obesity and hypertension, which may manifest at a younger age.
Finally, data on the association between PA and SB with mortality
from low- and middle-income countries are currently unavailable.

4.2 | Strengths and Limitations

This umbrella review is the first to pool meta-analyses of obser-
vational studies on the association between domains of PA and
SB with mortality from all causes, CVD and cancer, accounting
for PA measurement tools and rating findings' credibility based
on established criteria. We also separated studies based on the
two current approaches for the measurement of PA. It has been

documented that the ability of questionnaires and accelerome-
ters to capture PA differs, and the relationship between PA and
mortality was weaker in questionnaire-based studies than in ac-
celerometer based studies [89].

The results of this umbrella review should be interpreted in
light of its limitations. First, the evidence from observational
studies was heterogeneous with regards of the comparison
methods. Our analyses were based mainly on the compari-
son between most active and least active groups. However, in
some observational included studies they compared the recom-
mended (by public health authorities) level of PA with higher
or lower levels. A limitation of this approaches is that the crite-
ria for measurement and classification of PA across studies are
heterogeneous and might not be comparable. Second, another
reason to be cautious is that umbrella reviews neglect evidence
from individual studies that have not been previously pooled
in meta-analyses. Third, some confounding factors could drive
associations in observational findings. However, we have ap-
plied stringent criteria, as confirmed by downgrading convinc-
ing evidence to nonsignificant on the association between PA
and mortality outcomes. To control the effects of confounding
factors in this umbrella review, we applied quantitative criteria
to grade evidence from observational evidence accounted for
selection and publication bias, excess of significance driven by
small studies with larger effect sizes than the largest study in
the meta-analysis or marginal statistical significance driven by
large sample sizes. Additionally, we discussed findings from ob-
servational evidence in the context of converging evidence from
different sources of evidence considering many different aspects
of PA and SB. Fourthly, excess of significance bias testing might
have been underpowered in meta-analyses that have included a
small number of studies, which could arguably apply to all meta-
analyses included in the present umbrella review, yet a specific
threshold of number of studies to set logical power of excess of
significance bias has not been established. Fifthly, we could have
included meta-analyses by prioritizing their quality rather than
the quantity of studies. However, that would have introduced a
selection bias, resulting in the exclusion of a substantial body
of evidence. Sixth, to harmonize effect sizes, we computed the
corresponding hazard ratio as a measure of strength of the asso-
ciation. However, this harmonization process comes at the cost
of losing information on time-to-event analyses. It is important
to note that any association should be considered more in depth
considering the frequency of each outcome and the follow-up
duration and time to event occurrence in each of the included
studies. Moreover, the number of mortalities observed over the
overall population of included studies does not reflect the prev-
alence of outcomes of interest. Seventh, it is crucial to highlight
that the findings of this umbrella review are intended to inform
future guidelines. These guidelines should take into consider-
ation various additional factors, including cost-effectiveness
considerations, clinical relevancies, dose-response relationship
between different levels of activity and mortality outcomes and
long-term effects of PA and SB where evidence is currently in-
sufficient. Eighthly, the prospective studies we included did not
provide the detailed subgroup data based on age, sex, socioeco-
nomic status or preexisting health conditions, which restricted
our capacity to investigate how associations between exercise
training, PA, SB and mortality outcomes might vary across dif-
ferent populations. Future research should aim to address this
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gap by incorporating more granular demographic and health-
related information, enabling subgroup analyses that could pro-
vide more targeted insights for public health recommendations
and interventions. Ninth, another limitation of this study is the
absence of restricted cubic spline modelling for dose-response
relationships, which could have provided a more nuanced un-
derstanding of the association between physical activity, sed-
entary behaviour and mortality outcomes. Finally, this study
did not examine morbidity outcomes, quality of life measures
or specific disease incidence rates. Future research should aim
to explore these aspects in order to provide a more comprehen-
sive understanding of the health impacts of PA, SB and different
types of exercise interventions.

5 | Conclusions

Converging evidence supports that PA and SB are associated
with lower and higher rates of all-cause, cardiovascular and
cancer mortality. Although PA and SB as risk factors for pre-
mature mortality outcomes have been extensively studied for
decades, only 11 of the 34 (32%) associations reported here were
supported by suggestive evidence. Importantly, weak evidence
was noted for 16 of the 34 (47%) associations. More high-quality
prospective studies are needed for a better understanding of the
associations between PA and SB and mortality outcomes.
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